Introduction
As the most important airborne opportunistic fungal pathogen, Aspergillus fumigatus is known to cause life-threatening invasive aspergillosis (IA) among immunocompromised patients (Munro 2001; Kontoyiannis and Bodey 2002; Morgan et al. 2005; Maschmeyer et al. 2007 ). Due to the low efficacy of the drug therapies available, the mortality of IA is around 50-95%, falling to above 50% even if treatment is given (Latgé 1999; Hagen et al. 2003) .
β-1,3-Glucan is the main component of the fungal cell wall and has long been an ideal target for the antifungal therapeutic drug (Mouyna et al. 2000a (Mouyna et al. , 2013 Brown et al. 2002; Douglas, 2001; Maschmeyer et al. 2007 ). In A. fumigatus, β-1,3-glucan is synthesized by a membrane-bound β-1,3-glucansynthetase complex (Langfelder et al. 1998; Beauvais et al. 2001 ) and elongated by the β-1,3-glucanosyltransferases Gel family, which contains seven open reading frames, namely gel1 (AFUA_2G01170), gel2 (AFUA_6G11390), gel3 (AFUA_2G12850), gel4 (AFUA_ 2G05340), gel5 (AFUA_8G02130), gel6 (AFUA_3G13200) and gel7 (AFUA_6G12410). Only gel1, gel2 and gel4 were previously characterized. Deletion of gel1 did not result in a phenotype, whereas Δgel2 and Δgel1Δgel2 exhibited a decrease in β-1,3-glucan content, slower growth, abnormal conidiogenesis and attenuated virulence (Mouyna et al. 2005 ). In addition, it has been shown that gel4 is an essential gene in A. fumigatus (Gastebois et al. 2010a) . Because of their function on established β-1,3-glucan, the Gels are thought to play an important role in cell wall re-modeling during fungal germination or branching and are essential for growth and virulence of A. fumigatus. It is of medical interest to elucidate the function and regulation of the Gel family. However, the mechanism by which the Gels remodel the cell wall coordinately at each growth stage remains unknown.
Each of Gels is predicted as glycosylphosphatidylinositol (GPI) (glycosylphosphatidylinositol)-anchored protein containing N-linked carbohydrate. As the most common post-translational modification in eukaryotic cells, N-glycosylation modulates a variety of physicochemical and biological properties of proteins, such as intracellular trafficking, protein folding, secretion, stability, localization and function (Taniguchi et al. 2001; Helenius and Aebi 2004; Freeze and Aebi 2005; Hutzler et al. 2008) . Recently, we have shown that N-glycosylation of Gel1 or Gel2 is vital for cell wall β-1,3-glucan synthesis in A. fumigatus. In Δcwh41, Δgel1Δcwh41 and Δgel2Δcwh41, the mutants with deficient N-glycan processing, both Gel1 and Gel2 lost their functions, which suggested that Gel1 and Gel2 could not compensate for cell wall defects. Moreover, we found that the expression level of gel4 was increased by 12% in Δgel1Δcwh41 (P ≤ 0.05) and decreased by 13% (P ≤ 0.01) in Δgel2Δcwh41 when compared with the wild-type (WT), which demonstrated that gel4 did not compensate for cell wall defects in the double mutants either (Zhao et al. 2013) . Therefore, it is interesting to figure out whether there is any Gel, for whose function N-glycosylation is not essential, would compensate for cell wall β-1,3-glucan defects in these mutants with deficient N-glycan processing. To explore the coordinative action of the Gel family members, in this study, the function of gel7 was investigated by constructing Δgel7, Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 separately. Phenotypes of these mutants were investigated compared with their parental strains. Our results suggest that Gel7 is responsible for the cell wall β-1,3-glucan synthesis at the conidiogenesis stage and plays a compensatory role under stress conditions.
Results
The hypothesis: Gel7 compensates for Gel1 and Gel2 in the mutants with defective N-glycan processing Real-time polymerase chain reaction (PCR) assays showed that among the gel family, gel1 and gel7 were induced and resulted in a >1.5-fold increase in Δcwh41, compared with the WT. The expression level of gel7 was increased 2.3-fold (P < 0.01) or 3.6-fold (P < 0.01) at 37 or 50°C, respectively ( Figure 3A) , whereas the expression levels of other gels except gel1 were not significantly changed compared with the WT. Considering loss of function of Gel1 in Δcwh41, real-time PCR results offered a possibility that Gel7 might play a role in the compensation of Gel1 and Gel2 in the mutants with deficient N-glycan processing.
We further analyzed the expression of gels in the WT. As shown in Figure 3B , when grown at 37°C, expression levels of gel1, gel2 and gel7 were significantly changed at the germination (8 h) stage and mycelia growth (24 h). The gel2 and gel7 were induced markedly during germination, but suppressed at the mycelia growth stage, while gel1 was induced during mycelia growth. These results suggested that at least the expression of gel1, gel2 and gel7 were developmentally regulated, showing different functions during different periods.
Gel7 is a GPI-anchored protein with N-linked carbohydrate The sequence similarities of Gel7 with Gel1 and Gel2, including the two conserved aspartic acid residues in the catalytic domains FF(A/S)GNEV (for the catalytic acid-base) and F(F/ L)(S/A)EYGCN (for the nucleophilic residue), suggested that Gel7 had β-1,3-glycanosyltransferase activity, a typical characteristic of the GH72 family (Mouyna et al. 2000b; Ragni et al. 2007; de Medina-Redondo et al. 2008) .
In membrane preparations, Gel7 with an apparent 65 kDa was detected with polyclonal antibody of Gel7. As shown in Figure 2A , Gel7 was present in the aqueous phase, whereas it remained in the detergent phase in the absence of phosphatidylinositol-phospholipase C (PI-PLC). Furthermore, degradation of Gel7 was not observed either in cell membrane or in cell wall of the Δcwh41 compared with the WT at 37°C ( Figure 2B ). Based on these data, we concluded that Gel7 was mainly bound to cell membrane and cell wall through a GPI-anchored, and was not influenced by N-glycosylation, which suggested that Gel7 might play a role in the compensation of cell wall defects in the mutants with deficient N-glycan processing.
Phenotypes of the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41
In order to investigate the compensatory role of gel7, Δcwh41 and Δgel1Δcwh41 were chosen as parental strains to generate doublemutant Δgel7Δcwh41 and triple-mutant Δgel7Δgel1Δcwh41 separately. No difference was seen either in the phenotype or in the amount of cell wall polysaccharides of the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41, showing that the Gel1 lost its function either Fig. 2 . Subcellular localization of Gel7. Solubilization of membrane-bound Gel7 with PI-PLC (A). Aqueous phase (marked "A") and detergent phase (marked "D") after Triton X-114 partitioning of PI-PLC-treated (+) or control (−) membranes; To test the localization, proteins from cytosol, membrane, cell wall and culture supernatant were extracted, separated and detected by western blotting using anti-Gel7 as the primary antibody (B). Fig. 1 . Deletion of gel7 in A. fumigatus using the homologous recombination method. Genomic DNA of the WT, Δgel7, Δgel7Δcwh41, Δgel1Δgel7Δcwh41 and the revertant digested with HindIII or PstI were probed with the fragment of the gel7 encoding region, the fragment of the gel7 downstream and the fragment of the cwh41 downstream. WT, wild-type; Δgel7 revertant, complemented strain of the Δgel7.
Aspergillus fumigatus β-1,3-glucanosyltransferase Gel7 in Δcwh41 or in Δgel7Δcwh41, which was consistent with the former result (Zhao et al. 2013) . Moreover, increased sensitivity was observed in the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 comparedwith the WT, suggesting that at least Gel7 played a role in the mutants deficient of N-glycan processing.
The growth of Δgel7Δcwh41 or Δgel1Δgel7Δcwh41 was the same as that of the WT at 37°C, but was severely impaired at 50°C ( Figure 3B ). Compared with Δcwh41, the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 were slightly more sensitive to Congo red (CR) and Calcofluor white (CFW) at 37°C, and became significantly more sensitive when cultured at 50°C ( Figure 4A ). A significant reduction in β-glucan was seen in the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 mutants, which represented 61.6 and 62.6% at 37°C and 43.0 and 42.0% at 50°C, respectively, compared with the WT (Table I) , which was consistent with the sensitivity result.
Germination of Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 were similar, which was slightly impaired at 37°C, but severely impaired at 50°C in contrast to the WT or their parental strains (Table II) . However, the germ-tubes emerged earlier both in double and triple mutants. The earliest emergence of the second germ tube occurred in the Δgel7Δcwh41 or Δgel1Δgel7Δcwh41 after the second mitotic division (5 h), and the third germ tube or branching of the germling was found after the third nuclear division (6 h). When cultured at 50°C for 7 h, the WT and the parental strains began to germinate, but the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 did not germinate until cultured for 12 h, showing a serious temperature sensitivity of these mutants (Table II) .
Furthermore, the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 appeared a severe reduction and abnormity in conidia formation. When cultured at 37°C for 24 h, 15% of the conidiophore phialides became wizened, and the proportion was increased to 25% when cultured at 50°C. Moreover, the conidial heads of the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 appeared with abnormal morphology. In ordinary condition, phialides, which produced hyphal-like growth, are widely distributed on vesicles. However, in the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41, the amount of 2 conidia) of the wild-type and mutant strains were spotted on CM plate with or without antifungal reagent and cultivated at 37°C for 24 h and 50°C for 36 h (A); Growth rates of the WT, Δgel7, Δgel7Δcwh41, Δcwh41, Δgel1Δcwh41 and the triple-mutant strain on CM were cultured at 37 or 50°C. Each point represents one growth diameter measurement (three experiments) and the tendency curves are indicated (B). Note that, 1 × 10 6 conidia were inoculated into 200 mL liquid CM incubated at 37 or 50°C with shaking at 200 rpm. The cell wall was extracted as described under the Materials and methods section. Three aliquots of 10 mg lyophilized cell walls were used as independent samples for cell wall analysis and the experiment was repeated three times. The values (mean ± SD) shown are cell wall component per 10 mg lyophilized cell walls, and the bold values showed the similar cell wall content of the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41.
Aspergillus fumigatus β-1,3-glucanosyltransferase Gel7 phialides was declined, leading to a "bald area of vesicles", which suggested that conidiation was badly impaired in the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 ( Figure 5A ).
Transmission electron microscope (TEM) analysis revealed that the cell wall of conidia produced by the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 was thinner than those of their parental strains but thicker than that of the WT. The average diameters of conidia produced by the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 were 1.9 ± 0.3 μm and 1.8 ± 0.2 μm, while the average diameters of the WT, Δgel1Δcwh41 and Δcwh41 were 1.7 ± 0.1, 2.3 ± 0.2 and 2.3 ± 0.1 μm, respectively. Moreover, the cell walls of Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 were more loosely bound, on which melanin layer could not effectively mounted, and the cell wall defect was more severe when cultured at 50°C ( Figure 5B ).
Taken together, our observations demonstrated that further deletion of gel7 in the Δcwh41 or Δgel1Δcwh41 induced an abnormal conidiation, a huge reduction in cell wall β-1,3-glucan and a delay in germination especially at a higher temperature. It is likely that Gel7 is the key enzyme that functions in the mutants deficient in N-glycan processing and is required for thermostability in A. fumgiatus. Ten milliliters of liquid CM was inoculated with 10 6 freshly harvested conidia in petri plates containing glass coverslips and incubated at 37 or 50°C. The germination conditions were observed and counted per hour after cultured for 4 h at 37°C or observed and counted per 2 h after cultured for 8 h at 50°C. For each independent experiment, 100 conidia were counted and three independent experiments were carried out, and the bold values showed the similar germination and separation of the Δgel7Δcwh41 and Δgel1Δgel7Δcwh41.
W Zhao et al.
Phenotypes of the Δgel7 and Δgel7 revertant strain To investigate whether Gel7 is required for thermostability, Δgel7 mutant and revertant strains were constructed. To our surprise, the growth of Δgel7 was almost the same as that of the WT even at a higher temperature ( Figures 4B and 6A) . When cultured at 37°C, no difference was seen in the sensitivity of Δgel7 and the WT to antifungal reagents. However, Δgel7 became slightly more sensitive at 50°C (Figure 6A ), suggesting a defect in cell wall integrity at a higher temperature. When compared with the WT, the amounts of β-glucan and chitin in the Δgel7 decreased by 21.5% and 11.1% at 37°C and 25.6 and 26.2% at 50°C, respectively (Table I) , which were in agreement with the sensitivity result. According to the real-time PCR result, the gel1, gel2, gel3, gel4, gel5 and gel6 were remarkably induced in the Δgel7 (Figure 3C ), suggesting a close interaction between gel family members, which may explain the similar phenotype observed between the Δgel7 and the WT.
Although no obvious difference was seen in melanin synthesis in the Δgel7 and the WT by TEM, the Δgel7 showed abnormal conidiogenesis compared with the WT (Figure 6B ). After cultured at 37°C for 24 h, 9% of the Δgel7 phialides unusually enlarged leading to less conidia production, and the abnormity was aggravated when cultured at 50°C (Figure 6B ), which suggested that gel7 was required for conidiation in A. fumigatus.
Above all, we concluded that Gel7 was required for conidiogenesis and involved in maintaining the cell wall integrity in the mutants with defective N-glycan processing especially under heat-shock condition in A. fumigatus.
Discussion
As the main contributors of the cell wall β-1,3-glucan synthesis, seven members of the Gel family have been identified in A. fumigatus. Among them, only gel1, gel2 and gel4 are expressed constitutively during mycelial growth (Gastebois et al. 2010b ). Previously, we have shown that α-glucosidase I (Cwh41) initiates trimming of the terminal α-1,2-glucose residue of the N-glycan in A. fumigatus, and deletion of cwh41 results in a defective N-glycan processing and loss of function of Gel1 and Gel2 Zhao et al. 2013) . As a result, the amount of β-1,3-glucan in the Δgel1Δcwh41, Δgel2Δcwh41 or Δcwh41 is reduced to around 66% at 37°C or 50% at 50°C when compared with the WT. However, the expression of gel4 was increased and decreased by around 10% in the Δgel1Δcwh41 and Δgel2Δcwh41, respectively (Zhao et al. 2013 ). This observation suggested that, in addition to Gel4, other Gel which was not affected by N-glycosylation may compensate for cell wall defects in the mutants with deficient N-glycan processing. 
Aspergillus fumigatus β-1,3-glucanosyltransferase Gel7
Real-time PCR analysis revealed that the gel7 was significantly induced in the Δcwh41 ( Figure 3A) . In order to investigate its function in A. fumigatus, the single-mutant Δgel7, double-mutant Δgel7Δcwh41 and triple-mutant Δgel1Δgel7Δcwh41 were constructed separately. The double-mutant Δgel7Δcwh41 and triplemutant Δgel1Δgel7Δcwh41 showed a similar growth condition. Both of them exhibited a temperature-sensitivity growth phenotype, an enhanced cell wall β-1,3-glucan defect and an abnormal conidiogenesis when compared with their parental strains. These results demonstrate that at least Gel7 is the key β-1,3-glucanosyltransferase which functions in the mutants with a defective N-glycan processing, especially under heat-shock stress. On the other hand, to our surprise, the Δgel7 single mutant showed a normal growth except an abnormal conidial morphology when compared with the WT either at 37 or at 50°C, suggesting that gel7 was required for conidiation but was not an essential gene of A. fumigatus.
By examining the expression of the gel genes in the WT and different mutants, we preliminary analyzed the interaction between the gel family members. When cultured at 37°C, gel1 was induced at the mycelial growth stage, while gel7 was suppressed at the mycelial growth stage in the WT (Figure 3B ), suggesting that Gel7 and Gel1 function at the spore germination stage and mycelia growth, respectively. In the Δgel7, the gel1, gel2, gel3, gel4, gel5 and gel6 were remarkably induced, among which the expression of gel1 was markedly up-regulated ( Figure 3C ). Interestingly, among the gel family, the expression level of gel7 was the highest in the Δgel1, whereas the expression levels of other gels were not significantly changed (except the gel6, the expression of which was down-regulated by 50%) ( Figure 3D ). However, in the Δgel2, both gel1 and gel7 were highly expressed ( Figure 3E ), while the expression of gel6 was reduced to 28%.
Based on these results, we concluded that Gel7 was involved in conidiation and was compensated for the cell wall β-1,3-glucan defects when Gel1 and Gel2 lost their functions, especially at an elevated temperature. 
Materials and methods
Strains and growth conditions Aspergillus fumigatus strain YJ407 (China General Microbiological Culture Collection Center, CGMCC0386) was cultivated on potato glucose (2%) agar slants (Xia et al. 2001) . The Aspergillus fumigatus CEA17 strain ( pyrG − ), a gift from Institut Pasteur, was maintained at 37°C on YGA medium (0.5% yeast extract, 2% glucose and 1.5% Bactoagar) with addition of 5 mM uridine and uracil (Pritchett and Baldwin 2004) .
Strains were cultured in liquid complete medium (CM) with shaking at 200 rpm at 37 or 50°C, respectively. Mycelia and Conidia were harvested with double-distilled water or 0.1% Tween 20 in 1× phosphate buffered saline solution, respectively, and were washed twice with double-distilled water, resuspended and stored at 4°C in sealed 1.5 mL centrifuge tubes. The conidial suspension concentration was calculated by hemocytometer counting and viable counting.
Construction of Δgel7, Δgel7Δcwh41 and Δgel1Δgel7Δcwh41 mutants and the Δgel7 revertent strain Each of the pyrG + strains Δcwh41 and Δgel1Δcwh41 was point inoculated on CMU plates containing 5-fluoroorotic acid in a subinhibitory concentration of 0.55 mg mL
, resulting in the recovery of a sector that was auxotrophic to uridine and uracil (da Silva Ferreira et al. 2005) . These pyrG − strains were named Δcwh41( pygG − ) and Δgel1Δcwh41( pygG − ), which were used as the parental strains.
To delete the gel7 gene, a deletion cassette containing pyrG gene as the selectable marker was constructed to replace the entire coding region. Vectors and plasmids were transferred and propagated in Escherichia coli DH5α (Bethesda Research Laboratories, Bethesda, MD). Strain CEA17 ( pyrG − ), Δcwh41 ( pygG − ) and Δgel1Δcwh41( pygG − ) were used as the parental strains. Primers were designed to amplify a 1.2-kb upstream noncoding regions of the gel7 before the ATG start codon (5′-GCGGCCGCCCACAGCAGGTTGAATTTCGCC-3′ and 5′-GCTCTAGAGTTAACGGAAGGAGACTGGATCTAGG-3′) and a 1.2-kb downstream noncoding regions of the gel7 after the terminator codon (5′-GCTCTAGAGTTAACCATTAGCGG CTCGTTGTCTC-3′ and 5′-GGAATTCC ATATGGCGGCC GCCACATCCAGGTGACCCAGAT-3′). The upstream and downstream noncoding regions were digested with NotI/XbaI and XbaI/NdeI, respectively, and then separately cloned into pGEM-T Easy plasmid (Promega) and confirmed by sequencing. As a fungal selectable marker, the pyrG gene cassette released from pCDA14 (Pritchett and Baldwin 2004) with HpaI was cloned into the junction between the upstream and downstream noncoding regions of the gel7. The deletion vector was linearized by NotI and then transformed into A. fumigatus CEA17 (pyrG − ), Δcwh41(pygG − ) and Δgel1Δcwh41(pygG − ) protoplasts. Plates were incubated in hypertonic medium at 30°C for about 3-5 days, and the deletion mutants were selected and then confirmed using PCR and Southern blotting.
Complementation of the Δgel7 was constructed by replacement of the pyrG with a recombinant containing the gel7 encoding region and the pyrG gene cassette followed it. PCR primers were designed to amplify a 3-kb sequence containing a 1.2-kb upstream noncoding region and coding region of the gel7 (5′-GCGGCCGCCTGTCTTCTCCTTTATTGCG-3′ and 5′-GCTCTAGAGTTAACCT ACAGCAGAACCATACCAG-3′). The PCR product was cloned into pGEM-T Easy Vector and sequenced. The pyrG gene was released from pCDA14 (Pritchett and Baldwin 2004) with HpaI, and then was cloned into the junction between the terminator codon and downstream noncoding regions of the gel7 gene. Transformants were screened by PCR and then confirmed by Southern blotting.
For Southern blotting, genomic DNA was extracted and digested with HindIII and PstI, separated by electrophoresis and transferred to a Zeta-probe blotting membrane (Bio-Rad). The 800-bp fragment of the gel7 encoding region, the 800-bp fragment of the gel7 downstream and the 800-bp fragment of the cwh41 downstream were used as probes, and labeled by the DIG-labeled hybridization kit (Roche Applied Science, Germany; Figure 1 ).
Chemical analysis of the cell wall 1 × 10 8 conidia were inoculated into 100 mL liquid CM and incubated at 37 and 50°C with a shaking (250 rpm). The mycelia were harvested, washed twice with distilled water and lyophilized. As independent sample for cell wall analysis, 10 mg lyophilized mycelia was added into a 1.5 mL tube containing 50 mM NH 4 HCO 3 ( pH 8.0) and 0.2 g of glass beads (1 mm diameter), and disrupted by Disruptor Genie (Scientific Industries) for five rounds (5 min each round). Then the cell homogenates were centrifuged and washed with distilled water. Three independent lyophilized mycelia were used in each test. The experiment was repeated three times.
Cell wall was treated with 1 M KOH and incubated at 70°C for 30 min. The alkali-soluble fraction was acidulated to pH 5.0 using acetic acid and centrifuged. Then precipitated α-glucan was collected by centrifugation. The glycoprotein in the supernatant was detected using the Bradford assay (Bradford 1976) . Alkali-insoluble fraction containing β-glucan and chitin were washed three times and then digested with 6 N HCl at 100°C for 2 h. After removal of HCl by evaporation, the residues were dissolved in 200 μL distilled water (Eguiazabal et al. 1985; Hearn and Sietsma 1994; Lee et al. 2005) . The amount of β-glucan was determined by phenol/sulfuric acid method (Dubois et al. 1956 ) and the amount of chitin was determined by the method described by Lee et al. (2005) .
Phenotype analysis
Growth curves were detected by spotting 1 × 10 6 conidia onto the center of a solid CM plate at 37 and 50°C, respectively. The colony diameter was monitored intermittently, and the mean diameter was used to plot the growth curves. The experiment was repeated three times.
For examining the process of conidial germination, 10 mL of liquid CM was inoculated with 10 6 freshly harvested conidia in petri plates containing glass coverslips and incubated at 37 and 50°C. The coverslips with adhering germinated conidia were taken out, fixed in solution (3.7% paraformaldehyde, 50 mM phosphate buffer, pH 7.0 and 0.1% Triton X-100), observed and counted under a differential interference contrast microscope Zhang et al. 2008) .
For the detection of sensitivity of the mutants to different antifungal reagents, fresh washed conidia were collected from the WT, the mutants and the complemented strain. For each Aspergillus fumigatus β-1,3-glucanosyltransferase Gel7 strain, the same number of conidia were spotted on the CM medium containing 100 μg mL −1 CFW, 200 μg mL −1 CR and then incubated at 37°C for 24 h and 50°C for 24 h or 36 h.
Electron microscopy
Freshly washed conidia which were cultivated on solid CM at 37 and 50°C were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer ( pH 7.0) at 4°C overnight. After fixation, conidia were washed three times in 0.1 M phosphate, postfixed in 1% osmium tetroxide and 0.1 M phosphate for 2-4 h, then 15-20 min in methanol 30, 50, 70, 85, 95 and 100%, respectively, and postfixed in 2% of 30% uranyl acetate-methanol. Conidia were rinsed, dehydrated and embedded in Epon 812 for the floating sheet method. Sections were examined with a Tecnai Spirit (120 kV) TEM (FEI, USA).
Colonies for scanning electron microscopy were grown in solid CM at 37 and 50°C, fixed in phosphate buffered glutaraldehyde followed by OsO 4 , impregnated with uranyl acetate during ethanol dehydration, critical point dried, sputter coated with gold-palladium and examined with a Quanta200 scanning electron microscope (SEM) (Kurtz et al. 1994 ).
Quantitative real-time PCR 1 × 10 6 conidia were harvested and inoculated in liquid 100 mL CM at 37 or 50°C. Total RNA was extracted using the TRIZOL method according to the manufacturer's instruction (Invitrogen, Carlsbad, CA). cDNA synthesis was performed using the RevertAid TM First Strand cDNA Synthesis Kit (Fermentas, Canada). Primers 18sr-up (5′-CGAGTCTTTGAACGCACATT-3′) and 18sr-down (5′-GTGCTTGAGGGCAGCA AT-3′) were used to amplify a 80-bp fragment of 18s rDNA as control. The target genes were amplified with a length of 80-100 bp. To exclude contamination of cDNA preparations with genomic DNA, primers were designed to amplify regions containing one intron in these genes (Bustin 2000 (Bustin , 2002 . The expression was measured by quantitative real-time PCR using the fluorescent reporter SYBR Green (Fermentas, Canada) and ABI 7300 thermocycler (Applied Biosystems). And quantification of mRNA levels of different genes was performed using the 2 −ΔΔCt method (Livak and Schmittgen 2001; Nolan et al. 2006) . Primers for real-time PCR analysis were listed in Table III .
Protein extracts and western blotting
Proteins were extracted by following a strategy described by Zhao et al. (2013) . Equal amounts of cytosolic, membrane, cell wall or extracellular proteins from the WT or Δcwh41 were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transformed to PVDF membrane (Millipore, Billerica, MA,) at 300 mA for 1.5 h. The target protein was detected with the enhanced chemoluminescence substrate (Pierce) by using anti-Gel7, which was developed with synthesized peptide C329PSGTKKSEYTPANSALQ345 (BandM Company).
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